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1
LITHOGRAPHIC METHOD AND ASSEMBLY

This application claims priority and benefit under 35
U.S.C. §119(e) to U.S. Provisional Patent Application No.
61/472,045, entitled “Lithographic Method and Assembly”,
filed on Apr. 5, 2011. The content of that application is incor-
porated herein in its entirety by reference.

FIELD

The present invention relates to a lithographic method and
assembly.

BACKGROUND

A lithographic apparatus is a machine that applies a desired
pattern onto a substrate, usually onto a target portion of the
substrate. A lithographic assembly might be a lithographic
apparatus, or might be a lithographic apparatus and additional
equipment (e.g. a measuring tool, a radiation source, and the
like). A lithographic apparatus can be used, for example, in
the manufacture of integrated circuits (ICs). In that instance,
a patterning device, which is alternatively referred to as a
mask or a reticle, may be used to impart a beam of radiation
with a pattern in its cross-section, the pattern corresponding
to a circuit pattern to be formed on an individual layer of the
IC. This pattern can be imaged or transferred onto a target
portion (e.g. comprising part of, one, or several dies) on a
substrate (e.g. a silicon wafer). Transfer of the pattern is
typically via imaging onto a layer of radiation-sensitive mate-
rial (resist) provided on the substrate. In general, a single
substrate will contain a network of adjacent target portions
(which might be dies) that are successively patterned. Known
lithographic apparatus include so-called steppers, in which
each target portion is irradiated by exposing an image of the
entire pattern onto the target portion at one time, and so-called
scanners, in which each target portion is irradiated by scan-
ning the pattern through a radiation beam in a given direction
(the “scanning”-direction) while synchronously scanning the
substrate parallel or anti-parallel to this direction.

In the semiconductor manufacturing industry there is
increasing demand for ever-smaller features and increased
density of features. The critical dimensions (CDs) are rapidly
decreasing and are becoming very close to the theoretical
resolution limit of state-of-the-art exposure tools such as
steppers and scanners as described above. Conventional tech-
nologies aimed at enhancing resolution and minimizing print-
able CD include reducing the wavelength of the exposure
radiation, increasing the numerical aperture (NA) of the pro-
jection system of the lithographic apparatus, and/or including
features in a patterning device pattern smaller than the reso-
Iution limit of the exposure tool so that they will not print on
the substrate, but so that they will produce diffraction effects
which can improve contrast and sharpen fine features.

In order to help ensure that pattern features applied to a
substrate are applied as intended (e.g. to ensure that critical
dimension limits, requirements, or uniformities are met), it
may be desirable to at least partially correct for aberrations in
the lithographic apparatus. Aberrations may arise due to heat-
ing of one or more elements of a projection system of the
lithographic apparatus due to the transmission or reflection of
at least a portion of a radiation beam, and this heating may
cause distortion or the like of those one or more elements.
Alternatively and/or additionally, aberrations may arise for
one or more other reasons, for example optical surfaces not
performing in accordance with theory.
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SUMMARY

The determination and control of optical aberrations may
be important for improving lithographic performance. The
impact of different types and/or magnitudes of aberrations is
application specific. How a specific application (e.g. an appli-
cation of a pattern to a substrate) responds to a certain aber-
ration may be defined as aberration sensitivity. Aberration
sensitivity may be determined from measurement (i.e. deter-
mination) of aberrations and/or changes in applied pattern
features using a lithographic apparatus exhibiting those aber-
rations. Aberration sensitivity may be used in conjunction
with correction of an aberration (or the effects of that aberra-
tion) to form an aberration control loop.

Aberration sensitivity may depend on one or more factors,
for example an illumination mode used by the lithographic
apparatus, one or more properties of a pattern feature to be
applied to a substrate, one or more features of the substrate
itself (for example, the composition or the like of resist), the
quality or configuration of the patterning device, and/or a
dose of radiation provided in any given exposure.

Since aberration sensitivity is a significant factor to be
taken into account when applying a pattern to a substrate,
there have been attempts to determine such aberration sensi-
tivity. One approach to determining aberration sensitivity is to
construct a model or simulation which allows that sensitivity
to be determined in a theoretical manner. In rare cases, how-
ever, aberration sensitivity may be determined experimen-
tally. An experimental method for achieving this determina-
tion involves applying pattern features to a substrate, and then
measuring one or more properties of those pattern features to
determine the aberration sensitivity. In more detail, a litho-
graphic apparatus is controlled to establish a first aberration
state (e.g. to establish a first set of aberration conditions).
When the lithographic apparatus is in this state, pattern fea-
tures are applied to a substrate. The lithographic apparatus is
then controlled to establish a second, different, aberration
state, and a second, different substrate is provided with pat-
tern features when the lithographic apparatus is in this second
aberration state. The pattern features applied to the different
substrates are then inspected (e.g. one or more properties of
the pattern features are measured) and compared to obtain a
measure of the aberration sensitivity.

Although the experimental method may be used to obtain
information related to the aberration sensitivity, the method is
arguably slow and inefficient and may potentially be inaccu-
rate.

It is desirable to provide, for example, a lithographic
method and/or assembly which obviates or mitigates at least
one problem of the art, whether identified herein or else-
where, or which provides an alternative to an existing litho-
graphic method or apparatus.

According to a first aspect, there is provided a lithographic
method of determining a sensitivity of a property of a pattern
feature to change in optical aberration of a lithographic appa-
ratus used to provide that pattern feature, the method com-
prising: controlling a configuration of the lithographic appa-
ratus to establish a first aberration state, and forming a first
image of the pattern feature with that lithographic apparatus
when the lithographic apparatus is in that first aberration
state; measuring a property of the image; controlling a con-
figuration of the lithographic apparatus to establish a second,
different, aberration state, and forming an image of the same
pattern feature with that lithographic apparatus when the
lithographic apparatus is in that second aberration state; mea-
suring a same property of the image; and using the measure-
ments to determine the sensitivity of the property of the
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pattern feature to change in the aberration state. For instance,
a pattern feature may be imaged on to a sensor constituting a
part of the lithographic apparatus. The pattern feature may be
apattern feature that is to be applied to a substrate, or could be
an alignment mark.

According to a second aspect, there is provided a litho-
graphic method of determining a sensitivity of a property of a
pattern feature applied to a substrate to change in optical
aberration of a lithographic apparatus used to apply that pat-
tern feature, the method comprising: controlling a configura-
tion of the lithographic apparatus to establish a first aberration
state, and applying a pattern feature to a first target portion of
the substrate when the lithographic apparatus is in that first
aberration state; controlling a configuration of the litho-
graphic apparatus to establish a second, different, aberration
state, and applying a pattern feature to a second, different,
target portion of the same substrate when the lithographic
apparatus is in that second aberration state; measuring a prop-
erty of the pattern feature applied to the first target portion of
the substrate; measuring a same property of the pattern fea-
ture applied to the second target portion of the substrate; and
using the measurements to determine the sensitivity of the
property of the pattern feature to change in the aberration
state.

An aberration constituting the first and/or second aberra-
tion state may be quantifiable.

A type and/or magnitude an aberration constituting the first
and/or second aberration state is predictable, and/or is known
prior to application of the pattern feature.

A difference between the first aberration state and the
second aberration state may be a difference in a magnitude
and/or type of an aberration constituting the first and/or sec-
ond aberration state.

The controlling of the configuration of the lithographic
apparatus may comprise continuously varying the aberration
state to provide the first aberration state and, at a later time, the
second, different, aberration state.

The controlling of the configuration of the lithographic
apparatus may comprise discretely varying the aberration
state to provide the first aberration state and, at a later time, the
second, different, aberration state.

The controlling of the configuration of the lithographic
apparatus may comprise moving (e.g. up or down, left or
right) or deforming one or more elements of a lens arrange-
ment of the lithographic apparatus, or heating one or more
portions of the lens arrangement. Moving of the one or more
elements includes changing the position and/or orientation of
such element (e.g. by tilting). Controlling of the configuration
of the lithographic apparatus may, alternatively or addition-
ally, comprise moving a patterning device or a part thereof
(which includes changing the position and/or orientation of
such a device, or a part thereof (e.g. by tilting), adjusting the
wavelength of the radiation beam, and/or changing an optical
property of a liquid used in the optical path.

The substrate may be a test substrate.

The method may further comprise using the determined
sensitivity as part of an aberration control loop.

The aberration control loop may comprise using the deter-
mined sensitivity to control an aberration state of the litho-
graphic apparatus during the subsequent application of pat-
terns to a different substrate.

The method may be repeated for a third, fourth or fifth
aberration state and a corresponding third, fourth or fifth
target portion of the substrate, or for at least, in total, 5, 10, 15,
20, 50, 100, 200 or more aberration states and target portions,
all on a single substrate.

Each target portion of the substrate may be a die.
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The property of the pattern feature may be one or more
selected from: a sharpness of the pattern feature (e.g. an edge
of the pattern feature), a dimension of the pattern feature, a
shape of the pattern feature, a position of the pattern feature.
‘Shape’, includes side wall angle and height (e.g. due to resist
loss). If no pattern feature is provided on a substrate, but
instead is imaged on to a sensor, the pattern feature measured
might additionally and/or alternatively be related to an inten-
sity of radiation forming that image.

The aberration state may comprise an even aberration or an
odd aberration. The aberration state may comprise or be
defined by a specific aberration in terms of Zernike polyno-
mials, such as lower order coma aberration. The aberration
state may comprise or be defined by a combination of mul-
tiple Zernike polynomials. Odd aberrations relate to the
affecting of in plane placement/displacement and asymme-
tries. Even aberrations relate to the affecting of out of plane
placement/displacement (e.g. focus/defocus related aberra-
tions) and asymmetries.

According to a third aspect, there is provided a lithographic
assembly comprising: an illumination system to condition a
radiation beam; a patterning device to impart the radiation
beam with a pattern in its cross-section; a substrate holder to
hold a substrate; a projection system to project the patterned
radiation beam onto a target portion of the substrate, and a
controller constructed and arranged to, in use, control a con-
figuration of the lithographic assembly to establish a first
aberration state for the application of a pattern feature to a first
target portion of the substrate when the lithographic appara-
tus is in that first aberration state; and to control a configura-
tion of the lithographic apparatus to establish a second, dif-
ferent, aberration state for the application of a pattern feature
to a second, different, target portion of the same substrate
when the lithographic apparatus is in that second aberration
state.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by
way of example only, with reference to the accompanying
schematic drawings in which corresponding reference sym-
bols indicate corresponding parts, and in which:

FIG. 1 schematically depicts a lithographic apparatus for
use in conjunction with implementing an embodiment of the
present invention;

FIG. 2 schematically depicts a first substrate in plan view,
illustrating principles associated with a method of determin-
ing aberration sensitivity;

FIG. 3 schematically depicts a second substrate in plan
view, illustrating further principles associated with the
method of determining aberration sensitivity;

FIG. 4 schematically depicts a third substrate in plan view,
illustrating further principles associated with the method of
determining aberration sensitivity;

FIG. 5 schematically depicts a plan view of a substrate, and
principles associated with the determination of aberration
sensitivity in accordance with an embodiment of the present
invention; and

FIG. 6 schematically depicts a graph showing a change in
magnitude of an aberration over a period of time that may be
used in accordance with an embodiment of the present inven-
tion.

DETAILED DESCRIPTION

FIG. 1 schematically depicts a lithographic apparatus LA
according to an embodiment of the invention. The apparatus
LA comprises:
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an illumination system (illuminator) IL. configured to con-
dition a radiation beam B (e.g. UV radiation, for example
generated by an excimer laser operating at a wavelength of
248 nm or 193 nm, or extreme ultraviolet (EUV) radiation, for
example generated by a laser-fired plasma source operating at
about 13.6 nm wavelength);

a support structure (e.g. a mask table) MT constructed to
support a patterning device (e.g. a mask) MA and connected
to a first positioner PM configured to accurately position the
patterning device in accordance with certain parameters;

asubstrate table (e.g. a wafer table) WT constructed to hold
a substrate (e.g. a resist-coated wafer) W and connected to a
second positioner PW configured to accurately position the
substrate in accordance with certain parameters; and

a projection system (e.g. a refractive projection lens sys-
tem) PS configured to project a pattern imparted to the radia-
tion beam B by patterning device MA onto a target portion C
(e.g. comprising one or more dies) of the substrate W.

The illumination system may include various types of opti-
cal components, such as refractive, reflective, magnetic, elec-
tromagnetic, electrostatic or other types of optical compo-
nents, or any combination thereof, for directing, shaping, or
controlling radiation.

The support structure MT holds the patterning device. It
holds the patterning device in a manner that depends on the
orientation of the patterning device, the design of the litho-
graphic apparatus, and other conditions, such as for example
whether or not the patterning device is held in a vacuum
environment. The support structure MT can use mechanical,
vacuum, electrostatic or other clamping techniques to hold
the patterning device. The support structure MT may be a
frame or a table, for example, which may be fixed or movable
as required. The support structure MT may ensure that the
patterning device is at a desired position, for example with
respect to the projection system. Any use of the terms
“reticle” or “mask” herein may be considered synonymous
with the more general term “patterning device.”

The term “patterning device” used herein should be
broadly interpreted as referring to any device that can be used
to impart a radiation beam with a pattern in its cross-section
such as to create a pattern in a target portion of the substrate.
It should be noted that the pattern imparted to the radiation
beam may not exactly correspond to the desired pattern in the
target portion of the substrate, for example if the pattern
includes phase-shifting features or so called assist features.
Generally, the pattern imparted to the radiation beam will
correspond to a particular functional layer in a device being
created in the target portion, such as an integrated circuit.

The patterning device may be transmissive or reflective.
Examples of patterning devices include masks, program-
mable mirror arrays, and programmable LCD panels. Masks
are well known in lithography, and include mask types such as
binary, alternating phase-shift, and attenuated phase-shift, as
well as various hybrid mask types. An example of a program-
mable mirror array employs a matrix arrangement of small
mirrors, each of which can be individually tilted so as to
reflect an incoming radiation beam in different directions.
The tilted mirrors impart a pattern in a radiation beam which
is reflected by the mirror matrix.

The term “projection system” used herein should be
broadly interpreted as encompassing any type of projection
system, including refractive, reflective, catadioptric, mag-
netic, electromagnetic and electrostatic optical systems, or
any combination thereof, as appropriate for the exposure
radiation being used, or for other factors such as the use of an
immersion liquid or the use of a vacuum. Any use of the term
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“projection lens” herein may be considered as synonymous
with the more general term “projection system”.

As here depicted, the apparatus LA is of a transmissive type
(e.g. employing a transmissive mask). Alternatively, the appa-
ratus may be of a reflective type (e.g. employing a program-
mable mirror array of a type as referred to above, or employ-
ing a reflective mask).

The lithographic apparatus LA may be of a type having two
(dual stage) or more substrate tables (and/or two or more
patterning device tables). In such “multiple stage” machines
the additional tables may be used in parallel, or preparatory
steps may be carried out on one or more tables while one or
more other tables are being used for exposure.

The lithographic apparatus LA may also be of a type
wherein at least a portion of the substrate may be covered by
aliquid having a relatively high refractive index, e.g. water, so
as to fill a space between the projection system and the sub-
strate. An immersion liquid may also be applied to other
spaces in the lithographic apparatus, for example, between
the mask and the projection system. Immersion techniques
are well known in the art for increasing the numerical aperture
of projection systems. The term “immersion” as used herein
does not mean that a structure, such as a substrate, must be
submerged in liquid, but rather only means that liquid is
located between the projection system and the substrate dur-
ing exposure.

Referring to FIG. 1, the illuminator IL receives a radiation
beam from a radiation source SO. The source and the litho-
graphic apparatus may be separate entities, for example when
the source is an excimer laser. In such cases, the source is not
considered to form part of the lithographic apparatus and the
radiation beam is passed from the source SO to the illumina-
tor IL. with the aid of a beam delivery system BD comprising,
for example, suitable directing mirrors and/or a beam
expander. In other cases the source may be an integral part of
the lithographic apparatus, for example when the source is a
mercury lamp. The source SO and the illuminator IL, together
with the beam delivery system BD if required, may be
referred to as a radiation system.

The illuminator II. may comprise an adjuster AD config-
ured to adjust the angular intensity distribution of the radia-
tion beam. Generally, at least the outer and/or inner radial
extent (commonly referred to as o-outer and o-inner, respec-
tively) of the intensity distribution in a pupil plane of the
illuminator can be adjusted. In addition, the illuminator IL.
may comprise various other components, such as an integra-
tor IN and a condenser CO. The illuminator may be used to
condition the radiation beam, to have a desired uniformity and
intensity distribution in its cross-section.

The radiation beam B is incident on the patterning device
(e.g., mask) MA, which is held on the support structure (e.g.,
mask table) MT, and is patterned by the patterning device.
Having traversed the patterning device MA, the radiation
beam B passes through the projection system PS, which
focuses the beam onto a target portion C of the substrate W.
With the aid of the second positioner PW and position sensor
IF (e.g. an interferometric device, linear encoder or capacitive
sensor), the substrate table WT can be moved accurately, e.g.
s0 as to position different target portions C in the path of the
radiation beam B. Similarly, the first positioner PM and
another position sensor (which is not explicitly depicted in
FIG. 1) can be used to accurately position the patterning
device MA with respect to the path of the radiation beam B,
e.g. after mechanical retrieval from a mask library, or during
a scan. In general, movement of the patterning device table
MT may be realized with the aid of a long-stroke module
(coarse positioning) and a short-stroke module (fine position-
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ing), which form part of the first positioner PM. Similarly,
movement of the substrate table WT may be realized using a
long-stroke module and a short-stroke module, which form
part of the second positioner PW. In the case of a stepper (as
opposed to a scanner) the patterning device table MT may be
connected to a short-stroke actuator only, or may be fixed.
Patterning device MA and substrate W may be aligned using
patterning device alignment marks M1, M2 and substrate
alignment marks P1, P2. Although the substrate alignment
marks as illustrated occupy dedicated target portions, they
may be located in spaces between target portions (these are
known as scribe-lane alignment marks). Similarly, in situa-
tions in which more than one die is provided on the patterning
device MA, the patterning device alignment marks may be
located between the dies.

The depicted apparatus LA could be used in at least one of
the following modes:

In step mode, the support structure MT and the substrate
table WT are kept essentially stationary, while an entire pat-
tern imparted to the radiation beam is projected onto a target
portion C at one time (i.e. a single static exposure). The
substrate table WT is then shifted in the X and/orY direction
so that a different target portion C can be exposed. In step
mode, the maximum size of the exposure field limits the size
of the target portion C imaged in a single static exposure.

In scan mode, the support structure MT and the substrate
table WT are scanned synchronously while a pattern imparted
to the radiation beam is projected onto a target portion C (i.e.
a single dynamic exposure). The velocity and direction of the
substrate table WT relative to the support structure MT may
be determined by the (de-)magnification and image reversal
characteristics of the projection system PS. In scan mode, the
maximum size of the exposure field limits the width (in the
non-scanning direction) of the target portion in a single
dynamic exposure, whereas the length of the scanning motion
determines the height (in the scanning direction) of the target
portion.

In another mode, the support structure MT is kept essen-
tially stationary holding a programmable patterning device,
and the substrate table WT is moved or scanned while a
pattern imparted to the radiation beam is projected onto a
target portion C. In this mode, generally a pulsed radiation
source is employed and the programmable patterning device
is updated as required after each movement of the substrate
table WT or in between successive radiation pulses during a
scan. This mode of operation can be readily applied to mask-
less lithography that utilizes programmable patterning
device, such as a programmable mirror array of a type as
referred to above.

Combinations and/or variations on the above described
modes of use or entirely different modes of use may also be
employed.

In order to help ensure that pattern features are applied to a
substrate as intended, it may be desirable to at least partially
correct for aberrations in or of the lithographic apparatus used
to apply those patterns. How a pattern feature (or a property of
that pattern feature) responds to an aberration, or a change in
an aberration, is definable as aberration sensitivity. FIGS. 2 to
4 schematically depict an experimental approach to determin-
ing aberration sensitivity.

FIG. 2 schematically depicts a substrate 2, for example the
substrate shown in and described with reference to FIG. 1. A
configuration of a lithographic apparatus (e.g. the litho-
graphic apparatus as shown in and described with reference to
FIG. 1) is controlled to establish a first aberration state. This
means that the lithographic apparatus has a first set of aber-
ration conditions, for example exhibiting a certain type or
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magnitude of one or more aberrations. When the lithographic
apparatus is in this first aberration state, one or more pattern
features are applied to each of anumber of target portions 4 on
a substrate 2. The target portions 4 may, for example, be dies.

FIG. 2 shows that for each target portion 4 the one or more
pattern features that have been applied to that target portion 4
have been applied when the lithographic apparatus was in a
first aberration state AS1.

Once the pattern features have been applied and appropri-
ately processed, one or more properties of the pattern features
of'one or more target portions may be measured, for example
a sharpness of a pattern feature, a dimension of a pattern
feature, or a shape of a pattern feature. The measurements are
then recorded for future use. One or more of these properties
may include, or be described more specifically as (e.g. for
one-dimensional features): a placement; a width; a sidewall
angle; a resist loss/height; any other shape change, and/or
(e.g. for two-dimensional features) a resist volume; a relative
position; a relative width; a resist remaining in between fea-
tures (“bridging”).

A configuration of the lithographic apparatus is then con-
trolled to establish a second, different, aberration state. FIG.
3 schematically depicts a second substrate 6 (different to the
substrate shown in FIG. 2). The lithographic apparatus, when
exhibiting the second aberration state, is used to apply one or
more pattern features to each of a number of target portions 8
of'that substrate 6. Each of the pattern features for each of the
target portions 8 will thus have been applied when the litho-
graphic apparatus exhibits the second aberration state AS2.

Once the pattern features have been applied and appropri-
ately processed, one or more properties of the pattern features
of'one or more target portions may be measured, for example
a sharpness of a pattern feature, a dimension of a pattern
feature, or a shape of a pattern feature. The measurements are
then recorded for future use. The property or properties that is
or are measured will correspond with the property or proper-
ties measured for the pattern features of the target portions of
the first substrate of FIG. 2.

The above-described method may then be repeated for any
number of different aberration states that the lithographic
apparatus is controlled to exhibit. For example, FIG. 4 shows
a third substrate 10 on to which one or more pattern features
have been provided in each of a number of target portions 12
when the lithographic apparatus exhibits a third aberration
state AS3. Again, one or more properties of the pattern fea-
tures will be measured and recorded. The property or prop-
erties that is or are measured will correspond with the prop-
erty or properties measured for the pattern features of the
target portions of the substrates of FIGS. 2 and 3.

Using the measurements described above, it should be
possible to see how one or more properties of the pattern
features have changed (or remained constant) as a result of
changes in the aberration state. Thus, a measure of aberration
sensitivity may be determined. However, the described
experimental method may not be satisfactory for a number of
reasons.

One possible reason for the method described above in
relation to FIGS. 2 to 4 being unsatisfactory is the amount of
time taken to perform the method. In order to obtain multiple
data points for changes in aberration state, multiple substrates
are used. Typically, if “x” number of aberration states are to be
used in the determination of the aberration sensitivity, ‘x’
substrates are used, one for each aberration state. Even if only
two aberration states are to be used to determine a measure of
aberration sensitivity, a significant amount of time (relative to
an exposure) will be required to: unload a first substrate on
which pattern features have been provided; load, expose, and



US 9,423,701 B2

9

unload a second substrate for a different aberration state; and
to then to repeat such loading and unloading in any measure-
ment tool. Of course, it may be desirable to obtain more than
two data points to determine a trend in aberration sensitivity
more accurately, particularly if the trend is non-linear. Thus,
to obtain 10, 20, 30 or more changes in aberration state, 10,
20, 30 or more substrates are used, with the associated load-
ing, exposing, and unloading times. This is clearly a time
consuming and inefficient process, and leaves the litho-
graphic apparatus unavailable for production during that pro-
cess.

Using more than one substrate to determine aberration
sensitivity leads to another reason why the above-described
method may beunsatisfactory. Each time a substrate is loaded
into a lithographic apparatus, some form of alignment will
take place, for example between a patterning device of the
lithographic apparatus and the substrate itself, or a target
portion of that substrate. Such alignment may never be exact.
Furthermore, an alignment process may make use of an opti-
cal system. The optical system may exhibit an aberration, and
this aberration itself may cause a problem with (e.g. inaccu-
racy or inconsistency) alignment. Thus, there may be a small
but significant displacement between the positions of differ-
ent substrates used in different exposures in the determination
of aberration sensitivity. This is significant because aberra-
tions in the lithographic apparatus may themselves cause
displacement of pattern features applied to a substrate. Thus,
in at least some instances, it may be difficult to determine
whether a change in displacement of a pattern feature was a
result ofa sensitivity to a certain aberration, or simply an error
(or at least a difference) in the alignment of that particular
substrate relative to another substrate.

According to an embodiment of the present invention, it
has been realized that one or more of the problems associated
with the foregoing experimental method can be largely over-
come. In an embodiment, rather than multiple substrates
being used for the same multiple number of different aberra-
tion states, the aberration state of a lithographic apparatus
may be changed for the application of pattern features to
different target portions of a single substrate. More specifi-
cally, an embodiment of the present invention relates to a
lithographic method of determining a sensitivity of a property
of'a pattern feature applied to a substrate to changes in optical
aberrations of a lithographic apparatus used to apply that
pattern feature (i.e. aberration sensitivity). In more detail, the
method comprises controlling a configuration of the litho-
graphic apparatus to establish a first aberration state. A pat-
tern feature is applied to a first target portion of the substrate
when the lithographic apparatus is in that first aberration
state. Next, a configuration of the lithographic apparatus is
controlled to establish a second, different (to the first), aber-
ration state. A pattern feature is then applied to a second,
different, target portion of the same substrate (i.e. not a dif-
ferent substrate) when the lithographic apparatus is in that
second aberration state. A property of the pattern feature
applied to the first target portion of the substrate is then
measured. A same property (for comparison) of the pattern
feature applied to the second target portion of the substrate is
then measured. The measurements are then used (e.g. by
comparison, plotting, further calculation or the like) to deter-
mine a sensitivity of a property of the pattern feature to
change in the aberration state—i.c. the measurements are
used to determine an aberration sensitivity.

The aberration state of the lithographic apparatus may be
described, alternatively and/or additionally, as the apparatus
being in a state which exhibits or provides a certain aberra-
tion. Desirably, the aberration state will be predictable and/or
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quantifiable, in order to assist in a numerical definition or
determination of the aberration sensitivity. It may be possible
to implement the method without such predictability or quan-
tifiability, for example by instead knowing a start and end
point of an aberration and how the variation in that aberration
affects a property of a pattern feature. However, predictability
and quantifiability add accuracy and repeatability to the
method. The predictable and/or quantifiable nature of the
aberration state may be a magnitude for and/or type of aber-
ration constituting that aberration state. If quantifiable or
predictable, the aberration state, or the aberration constituting
that state, might be known prior to application of a pattern
feature to a target portion of the substrate, so that a desired
aberration or aberration state may be used as a particular
starting point, end point, or data point in general, in the
determination of aberration sensitivity.

Embodiments of the present invention will now be
described with reference to FIGS. 5 and 6.

Referring to FIG. 5, a plan view of a substrate 20 is shown.
A lithographic method of determining an aberration sensitiv-
ity is undertaken using that single substrate 20. A lithographic
apparatus (for example the lithographic apparatus shown in
FIG. 1) is used to apply pattern features to each of one or more
target portions 22 (e.g. dies) of the substrate 20.

Initially, a configuration of the lithographic apparatus is
controlled to establish a first aberration state AS1. A pattern
feature is applied to a first target portion of the substrate 20
when the lithographic apparatus is in that first aberration state
AS1.

The aberration state of the lithographic apparatus during
the application of a pattern feature to a particular target por-
tion 22 is denoted in the Figure by AS1 for a first aberration
state, AS2 for a second aberration state, AS3 for a third
aberration state and so on, as will be described in more detail
below.

Controlling of the configuration of the lithographic appa-
ratus may comprise deforming one or more elements of a lens
arrangement of the lithographic apparatus, moving one or
more elements of a lens arrangement of the lithographic appa-
ratus, and/or thermally controlling (e.g., heating) one or more
portions of the lens arrangement, which are approaches to the
control of aberrations/aberration states in a lithographic appa-
ratus. Moving of the one or more elements includes changing
the position or orientation of such elements (e.g. by tilting).
Controlling of the configuration of the lithographic apparatus
may, alternatively or additionally, comprise moving a pattern-
ing device or a part thereof (which includes changing the
position or orientation of such device, or a part thereof (e.g. by
tilting), adjusting the wavelength of the radiation beam, and/
or changing an optical property of liquid used in the optical
path.

The aberration state may comprise: an even aberration or
an odd aberration. The aberration state may comprise or be
defined by a specific aberration in terms of Zernike polyno-
mials, such as lower order coma aberration. The aberration
state may comprise or be defined by a combination of mul-
tiple Zernike polynomials. Odd aberrations relate to the
affecting of in plane placement/displacement and asymme-
tries. Even aberrations relate to the affecting of out of plane
placement/displacement (e.g. focus/defocus related aberra-
tions) and asymmetries. The aberration state may comprise or
be defined by specific aberrations, which may comprise or be
defined by Zernike coefficients or polynomials. The aberra-
tion state may alternatively or additionally be controlled to
provide specific field distributions, for example: an offset, a
tilt, a curvature, or the like.
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Subsequently, a configuration of the lithographic apparatus
is controlled to establish a second, different, aberration state
AS2. A difference between the first aberration state and the
second, different, aberration state AS2 may be a difference in
magnitude and/or type of aberration constituting the first and
second aberration states. It is perhaps more likely that the
difference will be a difference in magnitude for a given aber-
ration, which may allow a trend in aberration sensitivity for
that aberration to be determined. The method may be repeated
for different types of aberrations (possible on a different set of
target portions of the same substrate). The aberration may
increase or decrease in magnitude between the first aberration
state and a second aberration state. The aberration state may
be varied in a continuous manner to provide the first aberra-
tion state, and, subsequently and at a later time the second,
different, aberration state. Alternatively, the controlling of the
configuration of the lithographic apparatus may comprise
discretely varying the aberration state to provide the first
aberration state and, a later time, the second, different, aber-
ration state.

In a continuous variation of the aberration state, a ‘fixed’
aberration state may be obtained by the application of a pat-
tern to the substrate in a short period of time relative to the rate
of change of the aberration state, thereby fixing the aberration
state for the application of the pattern feature to that target
portion of the substrate. When discretely varying the configu-
ration of the lithographic apparatus, the variation may be
undertaken discretely in a step-wise manner or the like for
consecutive target portions (e.g. dies) of the substrate.

When the lithographic apparatus is in the second aberration
state AS2, a pattern feature is applied to a second, different
target portion of the same substrate 20.

The process of controlling the configuration of the litho-
graphic apparatus to establish a different aberration state, and
subsequently applying a pattern feature to a different target
portion of the substrate when the apparatus is exhibiting that
aberration state, may be repeated any number of times. For
example, FIG. 5 shows that pattern features have been applied
to each of twelve different target portions 22 of the substrate
20, each different target portion being provided with a pattern
feature when the apparatus is in one of twelve different aber-
ration states AS1-AS12. Twelve target portions and twelve
aberration states are shown by way of example only. Fewer
than twelve aberration states may be used to determine, or
more accurately determine, aberration sensitivity. Alterna-
tively, a greater number of aberration states may be used to
determine, or more accurately determine, aberration sensitiv-
ity, in particular if the aberration sensitivity is non-linear.

The number of aberration states may be limited by the
ability to control the configuration of the lithographic appa-
ratus to exhibit those different aberration states, and/or by the
inadvertent introduction of additional (parasitic) aberrations.
However this limitation may be avoided or overcome. In
accordance with an embodiment of the present invention,
there is a required aberration state and a realized aberration
state. A required aberration state may, when realized (i.e.
implemented), introduce or be associated with additional
(e.g. parasitic) aberrations. The applied pattern feature might
be sensitive to all of these aberrations (e.g. including the
parasitic aberrations). By applying pattern features to target
portions for different magnitudes of a given required aberra-
tion, and then measuring properties of those pattern features,
information relating to the realized aberration state and the
parasitic aberration may be obtained. If it is assumed that any
effects due to the parasitic aberrations are linear (which is to
be expected for small, parasitic aberration levels), then a basis
transformation can be performed, based upon the realized
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aberration state, thus allowing a sensitivity to the required
aberration state (i.e. excluding the parasitic additions) to be
extracted.

Alternatively or additionally, the number of aberration
states that may be used in the determination of the aberration
sensitivity may be limited by the number of target portions
that are available on the substrate. For instance, the number of
target portions may be limited by the size of the substrate, or
the available patternable area of the substrate, for example a
number of dies that are or would be available using that
substrate. For instance, the number of target portions (e.g.
dies) may be at least 5, 10, 15, 20, 50, 100, 200 or more, which
may allow the same number of aberration states to be used to
determine aberration sensitivity. In one example, a pattern
feature may be applied to more than one target portion of a
substrate when the lithographic apparatus exhibits a given
aberration state. This may allow a subsequent measurement
to be verified using those different target portions, for an even
more accurate or reliable determination of aberration sensi-
tivity.

Once all the desired target portions have been provided
with pattern features when the lithographic apparatus was in
a correspondingly appropriate number of different aberration
states, one or more of the same properties of the pattern
features applied to the substrate will be measured. For
example, a property of a pattern feature applied to the first
target portion of the substrate may be measured and a same
property of the pattern feature applied to the second, different
target portion of the substrate may be measured (and so on, for
all different target portions and/or aberration states used to
provide those target portions). The measurements may then
be used to determine a sensitivity of the property of the
pattern feature to change in the aberration state. Measure-
ments may be undertaken by a measurement tool, for example
an optical inspection tool.

The property that is measured may be, for example, one or
more selected from: a sharpness of the pattern feature, a
dimension of the feature, a shape for the pattern feature,
and/or a position of the pattern feature. Changes of one or
more of these properties may be linked to changes in the
magnitude and/or type of aberration constituting the different
aberration states that the lithographic apparatus has been
controlled to exhibit.

The substrate shown in FIG. 5 may be a test (or in other
words reference) substrate, not necessarily used in the manu-
facture of devices or the like. For instance, it may not be
desirable to change the aberration state for different target
portions of a production substrate, since such changes are
known to affect the pattern features applied to that substrate.

The method described above may be used, or be further
used, as part of an aberration control loop. The control loop
would comprise using the determined aberration sensitivity
to, subsequently, control an aberration state of the litho-
graphic apparatus during the subsequent application of pat-
terns to a different substrate. For example, the different sub-
strate might be a production substrate. The aberration
sensitivity that has previously been determined may be used
to help ensure that the aberrations of the lithographic appa-
ratus are properly controlled or minimized during the appli-
cation of patterns to that substrate. Alternatively or addition-
ally, the aberration sensitivity that has previously been
determined may be used to at least help ensure that patterns
are applied to a substrate in a more accurate or consistent
manner. Alternatively or additionally, the aberration sensitiv-
ity might be used to calculate (i.e. in advance of the applica-
tion of a pattern feature) the response of a pattern feature that
might be applied to a substrate to a particular aberration. This
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might be used in an additional or different implementation of
a control loop—i.e. using the aberration sensitivity to calcu-
late what effect an aberration might have on a pattern feature,
and controlling a configuration of a lithographic apparatus to
control that effect when the pattern feature is actually applied
to a substrate.

In order to implement an embodiment of the present inven-
tion, the lithographic apparatus has a configuration that can be
controlled to change the aberration state, and desirably to a
quantifiable and/or predictable aberration state (in terms of a
magnitude and/or a type of aberration constituting that aber-
ration state). The nature of the control, the type of control, the
type of aberration, the type of change in aberration, and the
like, may be any now known or known in the future. As
already discussed above, the aberration state may be con-
trolled by controlling the configuration (e.g. position, orien-
tation, heating (i.e. temperature), refractive index, or the like)
of one or more elements constituting a lens arrangement of
the lithographic apparatus (or any other arrangement of the
apparatus). Other ways of achieving or describing such a
change in configuration may be by appropriate tuning or
de-tuning of the lens arrangement, for example by applying a
Zernike process correction per exposure, which may be an
aberration offset to an optimal lens aberration state. In other
examples, process corrections may be undertaken to change
the aberration state. By way of example only, an example of
how an aberration state may be controlled will now be
described.

A controller of a lithographic apparatus may utilize an
optical element thermal (e.g., lens heating) control algorithm.
The algorithm may contain two components. A first compo-
nent might relate to a prediction of an optical element thermal
effect (e.g. heating due to transmission or reflection of a
radiation beam used in the application of patterns) based upon
knowledge on how lens aberrations change upon usage. This
knowledge is used to formulate a set of time constants (t) and
scaling factors (). A second component might relate to a
compensation model which, based upon the predicted optical
element thermal effect, calculates one or more optimal set
points for one or more optical element actuators. This results
in optical element adjustment (e.g. movement of one or more
appropriate actuators), and a reporting of a residual aberration
state of the system. However, this algorithm, and its imple-
mentation, can be taken advantage of to implement an
embodiment of the present invention—i.e. to provide a
desired aberration state. Specifically, the algorithm, and spe-
cifically the compensation model component thereof, can be
provided with optical element thermal (e.g., lens heating)
information that is not indicative of a correction for an aber-
ration, but is instead specifically chosen to result in the intro-
duction or establishment of a desired aberration state.

In one example, optical element thermal (e.g., lens heating)
induced aberrations may be realized in accordance with the
following equation, which is an empirical equation describ-
ing the dynamics of lens heating induced aberrations (based
on a projection lens model):

Zn_k(t)=pl(1-exp(-2/tl))+u2(1-exp(-#42))

Where:

Zn is the nth Zernike (n is typically equal to 2-25);

k is the order of polynomial fit of Zn across an exposure slit
of a projection lens model (k is typically equal to 1-4);

pl and p2 are scaling factors;

Tl and T2 are time constants; and

tis time (in seconds).

A certain aberration, which is changing in time, can be
induced by varying the value oful and/or 12, and/or t1 and/or
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12. For example, with aberration Z9_0, and by setting
n1=128, u2=150, t1=80 seconds, T2=800 seconds, around 40
nm of almost linearly drifting Z9_0 can be achieved within 15
seconds, which is a typical exposure time for all target por-
tions (dies) of a single typical substrate. This drift is shown in
the graph of FIG. 6. Thus, different aberration states may be
employed in the provision of one or more patterns features to
different target portions over this period of time, in a quanti-
fiable and predictable manner. Measuring a change in prop-
erty of the applied pattern features for the different aberration
states will allow an aberration sensitivity to be determined.

In the embodiments described thus far, a method has been
described in which pattern features are applied to a substrate.
However, in a related embodiment pattern features might be
imaged in order to determine an aberration sensitivity.
According to aspect or embodiment of the present invention a
lithographic method of determining a sensitivity of a property
of a pattern feature to changes in optical aberrations of a
lithographic apparatus used to provide that pattern feature is
provided. The method comprises: controlling a configuration
of the lithographic apparatus to establish a first aberration
state, and forming a first image of the pattern feature with that
lithographic apparatus when the lithographic apparatus is in
that first aberration state (e.g. on a sensor), and measuring a
property of the image (e.g. with that sensor). The method
further comprises controlling a configuration of the litho-
graphic apparatus to establish a second, different, aberration
state, and forming an image of the same pattern feature with
that lithographic apparatus when the lithographic apparatus is
in that second aberration state (e.g. on a sensor), and measur-
ing a same property of the image (e.g. with that sensor). The
method further comprises using the measurements to deter-
mine the sensitivity of the property of the pattern feature to
changes in the aberration state. For instance, a pattern feature
may be imaged on to a sensor constituting a part of the
lithographic apparatus. The pattern feature may be a pattern
feature that is to be applied to a substrate, or could instead be
an alignment mark. The image formed might be an aerial
image. If, for example, no pattern feature is provided on a
substrate, but instead is imaged on to a sensor, the pattern
feature that is measured might additionally and/or alterna-
tively be related to an intensity of radiation forming that
image.

This related aspect might be implemented in much the
same way as described above in relation to the application of
pattern features to a substrate. The related aspect might be
used as an internal control loop for the lithographic apparatus,
whereas the initially described aspect might be used as an
external control loop (since measurements are undertaken of
the effect of the aberrations on an external entity—the pattern
features formed on the substrate). The external control loop
might be preferred, since it can take into account practical,
physical results in the form of the measured properties of
applied pattern features.

According to a related aspect, an assembly may be pro-
vided to implement at least a part of the above-described
method. In particular, a lithographic assembly may be pro-
vided that comprises: an illumination system to condition a
radiation beam; a patterning device to impart the radiation
beam with a pattern in its cross-section; a substrate holder to
hold a substrate; and a projection system to project the pat-
terned radiation beam onto a target portion of the substrate. A
controller is also provided, the controller being constructed
and arranged to, in use, control a configuration of the litho-
graphic assembly (e.g. a configuration of a lens arrangement,
which include a position, orientation and/or degree of thermal
change (e.g., heating) of one or more parts of that arrange-
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ment). The control is undertaken to establish a first aberration
state for the application of a pattern feature to a first target
portion of the substrate when the lithographic assembly is in
that first aberration state. Further control is undertaken to
control a configuration of the lithographic assembly to estab-
lish a second, different, aberration state for the application of
a pattern feature to a second, different, target portion of the
same substrate when the lithographic assembly is in that
second aberration state. The assembly might comprise a litho-
graphic apparatus having the aforementioned features, and
other apparatus. The other apparatus may comprise a measur-
ing tool (e.g. an optical inspection tool) to measure a property
of the pattern feature applied to substrate. A processing
arrangement may be provided to determine an aberration
sensitivity using the measurements. A store (e.g. memory)
may be provided to store an aberration sensitivity (or library
of such sensitivities) for use in subsequent application of
patterns. The controller may comprise, or be part of the same
apparatus as, one or more of the processor and store, and for
example may be a computer or the like.

The controller may be constructed and arranged to, in use,
control a configuration of the lithographic assembly in accor-
dance with any embodiment or aspect described herein.

Although specific reference may be made in this text to the
use of lithographic apparatus in the manufacture of ICs, it
should be understood that the lithographic apparatus
described herein may have other applications, such as the
manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, flat-panel
displays, liquid-crystal displays (LCDs), thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms
“wafer” or “die” herein may be considered as synonymous
with the more general terms “substrate” or “target portion”,
respectively. The substrate referred to herein may be pro-
cessed, before or after exposure, in for example a track (a tool
that typically applies a layer of resist to a substrate and devel-
ops the exposed resist), a metrology tool and/or an inspection
tool. Where applicable, the disclosure herein may be applied
to such and other substrate processing tools. Further, the
substrate may be processed more than once, for example in
order to create a multi-layer IC, so that the term substrate used
herein may also refer to a substrate that already contains
multiple processed layers.

The terms “radiation” and “beam” used herein encompass
all types of electromagnetic radiation, including ultraviolet
(UV) radiation (e.g. having a wavelength of or about 365,
355, 248, 193, 157 or 126 nm) and extreme ultra-violet
(EUV) radiation (e.g. having a wavelength in the range of
5-20 nm).

The term “lens”, where the context allows, may refer to any
one or combination of various types of optical components,
including refractive, reflective, magnetic, electromagnetic
and electrostatic optical components.

While specific embodiments of the invention have been
described above, it will be appreciated that the invention may
be practiced otherwise than as described. For example, the
invention may take the form of, or be at least partially imple-
mented using, a computer program containing one or more
sequences of machine-readable instructions describing a
method as disclosed above, or a data storage medium (e.g.
semiconductor memory, magnetic or optical disk) having
such a computer program stored therein.

The invention may further be described using the following
clauses:

1. A lithographic method of determining a sensitivity of a
property of a pattern feature to change in optical aberration
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of a lithographic apparatus used to provide that pattern

feature, the method comprising:

controlling a configuration of the lithographic apparatus to
establish a first aberration state, and forming a first image of
the pattern feature with that lithographic apparatus when the
lithographic apparatus is in that first aberration state;

measuring a property of the image;

controlling a configuration of the lithographic apparatus to
establish a second, different, aberration state, and forming an
image of the same pattern feature with that lithographic appa-
ratus when the lithographic apparatus is in that second aber-
ration state;

measuring a same property of the image; and

using the measurements to determine the sensitivity of the
property of the pattern feature to change in the aberration
state.

2. The lithographic method of clause 1, wherein the pattern
feature is a pattern feature that has been, or is to be applied
to, a substrate, such that the method comprises:
controlling the configuration of the lithographic apparatus

to establish the first aberration state, and applying the pattern

feature to a first target portion of the substrate when the
lithographic apparatus is in that first aberration state;

controlling the configuration of the lithographic apparatus
to establish the second, different, aberration state, and apply-
ing the pattern feature to a second, different, target portion of
the same substrate when the lithographic apparatus is in that
second aberration state;

measuring a property of the pattern feature applied to the
first target portion of the substrate;

measuring a same property of the pattern feature applied to
the second target portion of the substrate; and

using the measurements to determine the sensitivity of the
property of the pattern feature to changes in the aberration
state.

3. The lithographic method of clause 1 or clause 2, wherein an
aberration constituting the first and/or second aberration
state is quantifiable.

4. The lithographic method of any preceding clause, wherein
a type and/or magnitude of an aberration constituting the
first and/or second aberration state is predictable, and/or is
known prior to application or provision of the pattern fea-
ture.

5. The lithographic method of any preceding clause, wherein
a difference between the first aberration state and the sec-
ond aberration state is a difference in a magnitude and/or
type of an aberration constituting the first and/or second
aberration state.

6. The lithographic method of any preceding clause, wherein
the controlling of the configuration of the lithographic
apparatus comprises continuously varying the aberration
state to provide the first aberration state and, at a later time,
the second, different, aberration state.

7. The lithographic method of any of clauses 1 to 5, wherein
the controlling of the configuration of the lithographic
apparatus comprises discretely varying the aberration state
to provide the first aberration state and, at a later time, the
second, different, aberration state.

8. The lithographic method of any preceding clause, wherein
the controlling of the configuration of the lithographic
apparatus comprises moving or deforming an element of a
lens arrangement of the lithographic apparatus, or chang-
ing a temperature of a portion of the lens arrangement.

9. The lithographic method of any of clauses 2 to 8, wherein
the substrate is a test substrate.
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10. The lithographic method of any of clauses 2 to 9, when
dependent on clause 2, further comprising using the deter-
mined sensitivity as part of an aberration control loop.

11. The lithographic method of clause 10, wherein the aber-
ration control loop comprises using the determined sensi-
tivity to control an aberration state of the lithographic
apparatus during the subsequent application of patterns to
a different substrate.

12. The lithographic method of any of clauses 2-11, when
dependent on clause 2, wherein the method is repeated for
athird, fourth or fifth aberration state and a corresponding
third, fourth or fifth target portion of the substrate, or for at
least, intotal, 5, 10, 15, 20, 50, 100, 200 or more aberration
states and target portions.

13. The lithographic method of any of clauses 2 to 12, when
dependent on clause 2, wherein each target portion of the
substrate is a die.

14. The lithographic method of any preceding clause, wherein
the property is one or more selected from: a sharpness of
the pattern feature, a dimension of the pattern feature, a
shape of the pattern feature, a position of the pattern fea-
ture, and/or an intensity of a part of a pattern feature.

15. The lithographic method of any preceding clause, wherein
the aberration state comprise odd aberrations and/or even
aberrations.

16. A lithographic method of determining a sensitivity of a
property of a pattern feature applied to a substrate to
change in optical aberration of a lithographic apparatus
used to apply that pattern feature, the method comprising:

controlling a configuration of the lithographic apparatus to
establish a first aberration state, and applying a pattern feature
to a first target portion of the substrate when the lithographic
apparatus is in that first aberration state;

controlling a configuration of the lithographic apparatus to
establish a second, different, aberration state, and applying a
pattern feature to a second, different, target portion of the
same substrate when the lithographic apparatus is in that
second aberration state;

measuring a property of the pattern feature applied to the
first target portion of the substrate;

measuring a same property of the pattern feature applied to
the second target portion of the substrate; and

using the measurements to determine the sensitivity of the
property of the pattern feature to change in the aberration
state.

17. A lithographic assembly comprising:
a substrate holder to hold a substrate;

a projection system to project a patterned radiation beam
onto a target portion of the substrate; and

a controller constructed and arranged to, in use, control a
configuration of the lithographic assembly to establish a first
aberration state for the application of a pattern feature to a first
target portion of the substrate when the lithographic appara-
tus is in that first aberration state, and to control a configura-
tion of the lithographic apparatus to establish a second, dif-
ferent, aberration state for the application of a pattern feature
to a second, different, target portion of the same substrate
when the lithographic apparatus is in that second aberration
state.

The descriptions above are intended to be illustrative, not
limiting. Thus, it will be apparent to one skilled in the art that
modifications may be made to the invention as described
without departing from the scope of the claims set out below.
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The invention claimed is:

1. A lithographic method of determining a sensitivity of a
property of a pattern feature to change in optical aberration of
a lithographic apparatus used to image that pattern feature,
the method comprising:

controlling a configuration of the lithographic apparatus to

establish a first aberration state, and forming a first
image of the pattern feature with that lithographic appa-
ratus when the lithographic apparatus is in that first
aberration state;

measuring a property of the first image;

controlling a configuration of the lithographic apparatus to

establish a second, different, aberration state, and form-
ing a second image of the same pattern feature with that
lithographic apparatus when the lithographic apparatus
is in that second aberration state;

measuring a same property of the second image; and

using the measurements to determine the sensitivity of the

property of the pattern feature to change in the aberra-
tion state.

2. The lithographic method of claim 1, wherein the pattern
feature is a pattern feature that has been, or is to be applied to,
a substrate, such that the method comprises:

controlling the configuration of the lithographic apparatus

to establish the first aberration state, and applying the
pattern feature to a first target portion of the substrate
when the lithographic apparatus is in that first aberration
state;

controlling the configuration of the lithographic apparatus

to establish the second, different, aberration state, and
applying the pattern feature to a second, different, target
portion of the same substrate when the lithographic
apparatus is in that second aberration state;

measuring a property of the pattern feature applied to the

first target portion of the substrate;

measuring a same property of the pattern feature applied to

the second target portion of the substrate; and

using the measurements to determine the sensitivity of the

property of the pattern feature to changes in the aberra-
tion state.

3. The lithographic method of claim 2, wherein the sub-
strate is a test substrate.

4. The lithographic method of claim 2, further comprising
using the determined sensitivity as part of an aberration con-
trol loop.

5. The lithographic method of claim 4, wherein the aber-
ration control loop comprises using the determined sensitiv-
ity to control an aberration state of the lithographic apparatus
during the subsequent application of patterns to a different
substrate.

6. The lithographic method of claim 2, wherein the method
is repeated for a third, fourth or fifth aberration state and a
corresponding third, fourth or fifth target portion of the sub-
strate, or for at least, in total, 5, 10, 15, 20, 50, 100, 200 or
more aberration states and target portions.

7. The lithographic method of claim 2, wherein each target
portion of the substrate is a die.

8. The lithographic method of claim 1, wherein an aberra-
tion constituting the first and/or second aberration state is
quantifiable.

9. The lithographic method of claim 1, wherein a type
and/or magnitude of an aberration constituting the first and/or
second aberration state is predictable, and/or is known prior
to application or provision of the pattern feature.

10. The lithographic method of claim 1, wherein a difter-
ence between the first aberration state and the second aberra-
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tion state is a difference in a magnitude and/or type of an
aberration constituting the first and/or second aberration
state.

11. The lithographic method of claim 1, wherein the con-
trolling of the configuration of the lithographic apparatus
comprises continuously varying the aberration state to pro-
vide the first aberration state and, at a later time, the second,
different, aberration state.

12. The lithographic method of claim 1, wherein the con-
trolling of the configuration of the lithographic apparatus
comprises discretely varying the aberration state to provide
the first aberration state and, at a later time, the second,
different, aberration state.

13. The lithographic method of claim 1, wherein the con-
trolling of the configuration of the lithographic apparatus
comprises moving or deforming an element of a lens arrange-
ment of the lithographic apparatus, or changing a temperature
of a portion of the lens arrangement.

14. The lithographic method of claim 1, wherein the prop-
erty is one or more selected from: a sharpness of the pattern
feature, a dimension of the pattern feature, a shape of the
pattern feature, a position of the pattern feature, and/or an
intensity of a part of the pattern feature.

15. The lithographic method of claim 1, wherein the aber-
ration state comprise odd aberrations and/or even aberrations.

#* #* #* #* #*
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